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“Å eg veit meg eit land langt der oppe mot nord, med ei lysande strand
mellom høgfjell og fjord”
–Elias Blix
Abstract
The formation of mineral deposits is closely related to the tectonic setting
in which they form. Structures create avenues of net permeability that allow
ore-bearing fluids to transport and deposit mineralization. In a deeper crustal
setting these structures can be ductile shear zones, while brittle faults and
fractures are the dominant fluid pathways in the upper continental crust. The
formation of local structures are strongly related to the regional tectonic setting.
This work focusses on the metallogeny of Vanna, an island located in the north-
ern part of the Archaean to Palaeoproterozoic West Troms Basement Complex.
The complex is a part of the north-western margin of the Fennoscandian Shield,
which is the most prolific mining area in Europe. Vanna has been subjected to a
prolonged multiphased deformation history with several episodes of extension
and compression. Paper I focusses on the geotectonic history of Vanna; normal
faulting during the 2.2-2.4 Ga extension created rift basins that subsequently
became inverted during the accretionary Svecofennian orogeny (c. 1.8-1.7 Ga),
and possibly younger events. Inversion tectonics during crustal shortening
resulted in the formation of low-grade fold and thrust belt structures in the
basement rocks and metasedimentary cover sequence. This event also involved
reactivation of the basin-bounding normal faults in the basement. Further, the
youngest recorded tectonic event on Vanna is late-Paleozoic post-Caledonian
extensional normal faults. This geological and structural framework outlined in
Paper I forms the basis for understanding the metallogenic evolution of Vanna.
Paper II and III each discuss a different style of hydrothermal mineralization. In
paper II we show that emerald mineralization formed by hydrothermal fluids
circulating in the Olkeeidet tectonic shear zone; a large, crustal scale dextral
shear zone active during the contractile deformation that resulted in the for-
mation of fold and thrust belt structures. Emerald mineralization is associated
with extensive metasomatic alteration of the host rocks within the shear zone.
This highly saline hydrothermal fluid likely originated as a magmatic fluid and
strongly Na/K metasomatised the host rocks, and deposited quartz-tourmaline
veins, dolomite and emerald. Emeralds were formed by Be sourced from the
hydrothermal fluids, and Cr was likely sourced locally from chromite in an
assumedmetasedimentary unit. Paper III investigates hydrothermal Cu-Zn min-
eralization hosted by the Palaeozoic brittle Vannareid-Burøysund fault. Here,
highly saline fluids composed of CaCl2 and NaCl transported Cu and Zn as
iv abstract
chloride complexes using the brittle fault as a fluid conduit. The subsequent de-
position of Zn in the form of sphalerite first, and Cu in the form of chalcopyrite
second also shows that the fault progressively evolved and widened with time.
Considered together, the three papers in this thesis show that mineralization
on Vanna is structurally controlled, and the results can be used to discuss
the mineralization potential and the key geological controls on mineralization
more broadly.
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Ore deposits can form in a variety of geological and tectonic settings. However,
their formation depend on the interaction between several key geological mech-
anisms. In particular, geological structures and mineral deposits are closely
linked; for a significant ore-deposit to form, ore-forming fluids need to migrate
though the crust in avenues of net permeability from its place of origin to a
place where it can be deposited. This permeability can be faults, ductile shear
zones, brittle fractures and fracture systems. The latter is particularly impor-
tant as fluid pathways in the brittle upper continental crust (Gabrielsen and
Braathen, 2014; Sibson et al., 1975). In addition to a fluid conduit, favourable
physiochemical fluid properties are needed for transport and deposition of
ore. The solubility, also expressed as the metal-bearing capacity of a fluid, is
dependent on several factors. Fluid chemistry/salinity, temperature, pressure,
pH and oxidation state all affect the fluid solubility to varying degrees. A fluid
under favourable physiochemical conditions can therefore transport significant
amounts of metal, and likewise deposit these metals in the solid state if the
solubility decreases. The origin of such an ore-bearing fluid can be diverse; it
can be magmatic, formed from metamorphic dehydration reactions or expul-
sion of pore fluids from compaction of sediments, or meteoric. A combination
of one or more of these sources is also common. Regardless of origin, the fluid
properties may also be modified by the interaction with host rock through
which they migrate. Identifying these key geological mechanisms that results
in the formation of ore deposits is essential to ensure continued supply of
metals and minerals for further socio-economic development and for making
the green shift.
1
2 chapter 1 introduction
Vanna island, with its excellent exposure and protracted geological history is
an ideal place to investigate ore-forming processes. A suite of felsic and mafic
intrusive rocks overlain by metasedimentary rocks have recorded a lengthy geo-
tectonic history, from Archaean to late Palaeozoic, including multiple tectonic
events of extension and compression. The island is located in the northern
part of the West Troms Basement Complex, a basement horst interpreted to be
the western continuation of the Archaean to Palaeoproterozoic Fennoscandian
Shield - the most prolific mining district in Europe (Eilu, 2012).
On Vanna, two distinctly different mineral-occurrences are investigated, emer-
ald mineralization at Olkeeidet and the Vannareid-Burøysund Cu-Zn occur-
rence. Detailed structural mapping done on each of these occurrences reveal a
strong structural control, however they formed in different geotectonic settings;
the former is hosted by a ductile shear zone formed in a contractile event that
resulted in fold and thrust belt structures, while the latter is hosted by a brittle
fault related to continental rifting. In addition, we analyse the hydrothermal
ore-bearing fluid in each of these deposits by fluid inclusion investigations.
Further, we indirectly investigate the fluid properties by analysing ore-minerals
and minerals associated with hydrothermal fluid alteration by scanning elec-
tron microscope analyses, Raman spectroscopy, and X-ray diffraction. Although
neither mineral occurrence currently has any economic value or exploitation
potential, they do provide excellent examples of structurally controlled hy-
drothermal ore mineralization. By studying them in detail we gain not only
information about how each of these occurrences formed but also where to
search for new ore bodies.
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1.1 Geological background
1.1.1 Northern Fennoscandian Shield
The Fennoscandian Shield is the largest exposed area of Archaean and Pro-
terozoic rocks in Europe, and extends from the north-western part of Russia
though Finland, Sweden and Norway (Fig. 1.1). The rocks get progressively
younger towards the south-west. It is the most important metal mining district
in Europe, and most known ore deposit types are present in this region. These
ore deposits are distributed within several metallogenic areas, and their spatial
and temporal distribution are related to different geotectonic events (Eilu et al.,
2003; Eilu, 2012).
Figure 1.1: Northern Fennoscandian Shield after Koistinen et al., (2001). The West
Troms Basement Complex is separated from the main Fennoscandian
Shield by a c. 100 km wide section of Caledonian rocks. Post-Caledonian
extensional faults are present along most of the North-Norwegian margin
(Olesen et al., 2002; Indrevær et al., 2013; Davids et al., 2013; Koehl, 2013).
TFFC - Troms-Finnmark Fault Complex, VVFC - Vestfjorden-Vanna Fault
Complex
Archaean rocks are located in the northern and eastern part of the shield
and are mainly partly migmatitic TTG-gneisses (tonalite, trondhjemite and
granodiorite) and volcano-sedimentary supracrustal rocks deposited in rift-
basins (Hölttä et al., 2008; Lahtinen et al., 2011). With the exception of banded
iron formations like Bjørnevatn and Kostomuksha, the Archaean rocks are
relatively unmineralized (Eilu, 2012).
The Archaean rocks are unconformably overlain by a number of Palaeopro-
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terozoic sedimentary-volcanic successions and associated mafic sills and
dikes ranging in age from c. 2505 to 1930 Ma, with a general decrease in
age to the north-west (Hanski et al., 2001; Lahtinen et al., 2011; Eilu, 2012;
Bingen et al., 2015). This tectonic rifting event in the Fennoscandian Shield has
been correlated to a global record of Palaeoproterozoic breakup of an/several
Archaean super-craton(s) (Bleeker, 2003).
The two main Palaeoproterozoic tectonic events in the Fennoscandian Shield
are the Lapland-Kola (1.94-1.86 Ga) and the Svecofennian (1.92-1.79 Ga) oro-
genies. The Lapland-Kola event is a collisional belt containing both Archaean
terrains, felsic granulites and juvenile Palaeoproterozoic crust (Daly et al.,
2006). The Svecofennian Orogeny was the most important tectonic event in
the Northern Fennoscandian Shield (Koistinen et al., 2001). It is an accretionary
orogen that involved large-scale formation of new continental crust. Palaeo-
proterozoic passive margin sediments, juvenile arcs, and microcontinents were
accreted on to the continent along an array ofmajor north-west to north striking
crustal scale shear zones which progressively developed across the Archaean
and Palaeoproterozoic continents (Gaál and Gorbatschev, 1987; Nironen, 1997;
Bark andWeihed, 2007; Angvik, 2014). This deformation was also the last major
ductile event to shape the currently exposed penetrative structural grain of
the rocks (Koistinen et al., 2001; Henderson et al., 2015). Emplacement of the
Transscandinavian igneous batholith occurred along the south western margin
of the Svecofennian protocraton (1.80-1.78 Ga) (Gaál and Gorbatschev, 1987;
Högdahl et al., 2004). This NE to SW trending belt stretches from southern
Sweden to Lofoten in Norway. It is composed of granitoid rocks with associated
mafic intrusions.
The Svecofennian Orogeny is the most prolific metallogenic event in northern
Fennoscandia (Weihed et al., 2005). It includes the formation of VMS deposits
in intra-arc extensional settings prior to basin inversion. A number of econom-
ically important iron skarn-iron ores and Fe-apatite ores were also formed
at this time, as well as porphyry copper and iron oxide copper gold (IOCG)
deposits. Numerous orogenic gold deposits formed throughout the Protero-
zoic greenstone belts during syn- to post collisional stages (Eilu et al., 2003;
Lahtinen et al., 2012).
In northern Norway, the Fennoscandian Shield with Palaeoproterozoic meta-
supracrustal belts is found as the Kautokeino and Karasjok Greenstone Belts,
as basement windows exposed in the Caledonides - the Alta-Kvænangen, Rep-
parfjord, Mauken, and Rombakken tectonic windows, and the West Troms
Basement Complex horst exposed to the west of the Caledonian orogenic rocks
(Fig. 1.1).
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1.1.2 Caledonian orogenic rocks in northern Norway
In northern Scandinavia, Caledonian orogenic rocks are found in a c. 100
km wide belt mainly in eastern Norway and western Sweden (Fig. 1.2). The
Caledonian Orogeny is a continent-continent collision between the continents
Laurentia and Baltica that closed the Iapetus Ocean during the Ordovician and
Silurian. Terrains that are exotic to Baltica were placed on top of a wedge
of Neoproterozoic to early Palaeozoic passive margin sediments during the
collision (Augland et al., 2014). This resulted in a nappe sequence of allochthons
that are generally increasingly distal from the continental margin westward
and upwards in the nappe-stack. These nappes cover large parts of northern
Norway and the western part of Sweden, and the underlying Archaean and
Proterozoic basement has been reworked to different degrees.
The Kalak Nappe Complex is the structurally lowest nappe, and it is separated
from the basement by a thin Neoproterozoic to Cambrian autochthonous cover.
It is comprised of Precambrian basement rocks and metapsammites with local
mafic intrusive rocks. It also includes the Seiland igneous province - a large
igneous province that intruded intracontinental rift zones prior to the opening
of the Iapetus Ocean, around 610-550 Ma (Larsen et al., 2018). The Caledonian
metamorphic grade increases upwards, with greenschist facies at its base and
amphibolite facies metamorphism in the middle and upper units (Faber et al.,
2019). The overlying Vaddas and Kåfjord Nappes are composed of high grade
metasedimentary rocks with felsic and mafic intrusive rocks that records am-
phibolite to granulite facies metamorphism (Faber et al., 2019). A mylonitic
high strain zone marks the boundary between the Kåfjord Nappe and the over-
lying Normannvik Nappe. The Normannvik Nappe is composed of migmatized
garnet-mica schists and gneisses. A greenschist-facies shear zone marks the
transition from the Nordmannvik Nappe to the overlying Lyngsfjell Nappe,
which is composed of two distinctly different units; the Lyngen Magmatic Com-
plex and the unconformably overlying Late Ordovician/Early Silurian Balsfjord
Group. The Nakkedal and Tromsø Nappes are the stratigraphically uppermost
nappes.
1.1.3 Collapse of the Caledonian orogenic rocks and opening of the
Atlantic Ocean
During the collapse of the Caledonian orogeny, many of the nappe-bounding
thrust faults were reactivated as normal faults. Continued extension and in-
cipient rifting resulted in a series of NE-SE striking brittle normal faults in
rhombic, zigzag-shaped fault trends that evolved to major fault zones like
the Vestfjorden-Vanna fault complex and the Troms Finnmark fault complex.
(Lippard and Prestvik, 1997; Olesen et al., 1997; Roberts and Lippard, 2005;
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Figure 1.2: Caledonian orogenic rocks exposed in nothern Norway Figure from Aug-
land et al., 2014.
Hansen et al., 2012; Davids et al., 2013; Indrevær et al., 2013; Koehl et al., 2018).
The Vestfjorden-Vanna Fault Zone separates the West Troms Basement Com-
plex horst, and the Vannareid-Burøysund fault that hosts Cu-Zn mineralization
described in paper III, is a part of this fault zone. The Troms-Finnmark fault
complex is an offshore fault zone that runs parallel to it. As rifting continued
from incipient continental faulting, the wide part of the margin of the coast
of Vanna became passive as faulting moved westward and further south to
the Lofoten area (Fig. 1.1; Mosar, 2003; Davids et al., 2012; Indrevær et al.,
2013). As a result, the continental margin along the Norwegian coast narrows
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northward towards Lofoten, and then abruptly widens again to the north of
the Senja fracture zone that acted as a transfer zone.
1.1.4 The geology of West Troms Basement Complex
The Archaean/Palaeoproterozoic West Troms Basement Complex horst is situ-
ated west of the Caledonian orogenic rocks (Fig. 1.2). It is interpreted to be a
part of the Fennoscandian Shield (Henderson et al., 2015; Bergh et al., 2010),
although a link with the Lewisian in Scotland has also been suggested (Bergh
et al., 2012).
The West Troms Basement Complex is (Fig. 1.3) a basement window com-
posed of TTG gneisses (2.9-2.6 Ga) (Bergh et al., 2010; Myhre et al., 2013).
The basement rocks are all strongly deformed, partly migmatized by Neoar-
chaean orogenies (c. 2.8-2.6 Ga: Myhre et al., 2013) and intruded by mafic dyke
swarms dated at c. 2.4 Ga (Kullerud et al., 2006). Numerous supracrustal cover
units (greenstone belts) with variable ages, composition and metamorphic
grade (Zwaan, 1989; Armitage and Bergh, 2005; Bergh et al., 2010) overlie
the basement gneisses. The Archaean volcano-sedimentary Ringvassøya green-
stone belt was deposited at c. 2.8 Ga (Zwaan, 1989; Motuza, 2000), while
the metasedimentary Vanna Group was deposited between 2.2 and 2.4 Ga
(Bergh et al., 2007). Peak metamorphism reached high-grade granulite and
amphibolite facies in Senja and Lofoten/Vesterålen parts of the transect during
the D1-D2 events (Zwaan, 1995). Ringvassøya was subjected to medium grade
amphibolite facies, while medium- to low grade greenschist facies dominated
in the north-east (Vanna island, this work, Opheim and Andresen, 1989). This
presumedmetamorphic gradient implies that the studied transect evolved from
a hinterland (deep crust) in the south-west to a foreland (upper crust) in the
north-east (Bergh et al., 2010).
A suite of granites (Ersfjord Granite) and mafic igneous rocks (Hamn Gabbro)
formed synchronous with a major suite of 1.8–1.7 Ga plutonic rocks in Lofoten
and Vesterålen (Griffin et al., 1978; Corfu et al., 2003; Corfu, 2004). The Ersfjord
Granite may have formed by partial melting of the TTG crust (Haaland, 2018;
Laurent et al., 2019) and emplacedduring thewaning stages of the Svecofennian
Orogeny (1.92-1.78 Ga), as defined in the Fennoscandian Shield (Lahtinen et
al., 2011). This Svecofennian deformation in West Troms Basement Complex
affected the entire province. Early deformation generated a main ductile gneiss-
foliation (S1), SW- and NE-dipping thrusts (S1), and NV-SØ trending tight (F1).
Continued deformation folded these early fabrics into upright (F2) fold systems.
During the late-stage,partly orogen-parallel event (D3) steeplyNW-SE plunging
folds (F3) and subvertical ductile shear zones (strike-slip faults) formed in the
Senja Shear Belt, whereas SE-directed orogen-normal thrusts and steep NW-SE
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striking lateral shear zones formed in the northeast, i.e. on Ringvassøya and
Vanna. This D3 deformation is dated at c. 1.77-1.65 Ga in the Senja Shear Belt,
a major ductile deformation zone (Fig. 1.3) (Bergh et al., 2015; Laurent et al.,
2019), which involved polyphase crustal contraction and accretion (D1) and
partitioned thrust and strike-slip deformation (D3-transpression) (Bergh et al.,
2010).
Figure 1.3: Geologic and tectonic map of the Archaean/Palaeoproterozoic West Troms
Basement Complex (Bergh et al., 2010; Thorstensen, 2011; Haaland, 2018;
Davids et al., 2013; Bergh et al., 2007). Archaean and Palaeoproterozoic
basement blocks and Vanna Island is located at the northern end of the
complex.
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Figure 1.4: Schematic model displaying the development of presumed Svecofennian
structures in the West Troms Basement Complex. (A) Formation of
NE-directed thrusts and the main low angle mylonitic foliation (S1) in
supracrustal belts from orogen-oblique NE-SW directed orthogonal short-
ening. (B) Continued orthogonal shortening produced upright macro-folds
(F2) by folding of the earlier fabrics. (C) Late Svecofennian orogen-parallel
to orogen-oblique directed contraction resulting in mostly sinistral strike-
slip reactivation of steep macro-folds (D3). Figure from Bergh et al., (2010)
.
Whereas the Fennoscandian Shield in Finland, Sweden and Russia is well
endowed in both base and precious metal deposits, few economic deposits have
been found in the West Troms Basement Complex. Limited historic mining and
exploration have mainly focused of base metals; Ni, Co, Cu ± PGE occurrences
in layered mafic intrusions in the Hamm Gabbro was briefly mined in the 1860‘s
(Bugge, 1935). During the same period, prospecting on Ringvassøya resulted
in several known metal occurrences ranging from stratiform massive Fe-Cu
sulphide deposits (assumed volcanic massive sulphide and/or sedimentary
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exhalatory deposits) and several different precious metal type occurrences
foundwithin the 2.8(?) Ga Ringvassøya Greenstone Belt (Bratrein, 1989; Zwaan,
1989). Several smaller orogenic gold deposits were also recognized in the
1980’s (Sandstad and Nilsson, 1998). Despite recent advances in the geological
knowledge of the region, both the syngenetic mineralization processes and the
hydrothermal alteration and potential metal remobilisation caused by the later
Svecofennian deformation is still poorly understood.
1.1.5 Study area - the geology of Vanna island
Vanna island (Fig. 1.5) is the study area of this thesis. It is located in the north-
eastern part of the West Troms Basement Complex (Fig. 1.3), and is mainly
composed of Archaean tonalite gneisses cut by 2.4 Ga mafic dike swarms
(Binns et al., 1980; Opheim and Andresen, 1989; Bergh et al., 2007). Several
metasedimentary cover sequences unconformably overlie the basement; the
largest of these is the well-studied Vanna Group along the southern coast. In
addition, several smaller and less studied cover sequences are found along the
western coast of the island at Kvalvågklubben and Hamre, and farther north
as lenses in, and structurally below, the Skipsfjord Nappe. The age of these
cover sequences is constrained at Vikan by the erosional contact with the 2.4
Ga mafic dikes in the basement, and a diorite sill (2.2 Ga; Bergh et al., 2007)
that has intruded the metasedimentary sequence. In the north, highly strained
parautochtonous sequences, the Skipsfjord Nappe, is composed of variously
mylonitized tonalitic gneisses and intercalated lenses of metasedimentary and
mafic intrusive rocks (Opheim and Andresen, 1989).
Vanna Group metasedimentary sequence
The first geological mapping on the island was carried out by Pettersen (1887),
who suggested that the island consisted mainly of Precambrian gneisses over-
lain by Caledonian metasedimentary rocks along the south-eastern coast. Map-
ping carried out by Binns et al., (1980) focussed on the stratigraphy of this
metasedimentary sequence, now termed the Vanna Group, and informally
divided the low-grade metasedimentary rocks into the lower psammitic Tin-
nvatn formation and the overlying mixed lithological Bukkheia Formation.
The Tinnvatn Formation is < 80 m thick and unconformably overlie the base-
ment tonalites. It consists of quartzitic, arkosic to subarkosic, and calcareous
metasedimentary rocks deposited in a deltaic environment (Binns et al., 1980).
Detailed sedimentary facies analysis carried out by Johannessen (2012) fur-
ther suggested that the upper parts (8-10 m) of the Tinnvatn formation was
deposited in a transgressive shallow marine environment and represents a
foreshore facies, while the rest was deposited by tidal streams as an upper
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shoreface facies. The much less studied overlying Bukkheia formation is thicker
(< 150m) and consists of partly calcareous mudstones with intermittent coarser
sandstone layers. The Bukkheia formation is intruded by a diorite sill, locally
up to 2 km thick. The diorite itself is composed of several intrusions ranging
from intermediate to mafic, and whole-rock geochemical analyses show that
the diorite has a continental tholeiitic signature (Johansen, 1987).
Figure 1.5: Geological and tectonic map of Vanna island (Modified after Bergh et al.,
2007; Grogan and Zwaan, 1997; Opheim and Andresen, 1989; Roberts,
1974.) Red frames refer to the locations of Olkeeidet emerald occurrence
in paper II and Vannareid Burøysund Cu-Zn mineralization in paper III.
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Smaller metasedimentary sequences are also located at Hamre-Kvalvågklubben
along the western coast of Vanna. These metasedimentary sequences have a
similar stratigraphy as the Vanna Group, with metapsammites and quartzites
overlain by intercalated metapelites, but the metamorphic grade is somewhat
higher (upper-greenschist facies; this work; Bergh et al., 2007).
Skipsfjord Nappe
The parautochthonous Skipsfjord Nappe is a peculiar unit located in the north-
ern part of Vanna (Fig. 2). It constitutes variously highly strained to myloni-
tized tonalitic gneisses and intercalated lenses of metasedimentary and mafic
intrusive rocks of the Kvalkjeften Group (Opheim and Andresen, 1989). The
metamorphic grade is generally higher than in the para-autochthonous units
of the Vanna Group (lower amphibolite facies), and the rocks have a more
pronounced foliation which coincides with ductile shear zones dipping gen-
tly NW. Individual units are separated by mylonitic high-strain ductile shear
zones that dip gently NW and reveal mostly, top-to-the-SE thrust displacement.
Oppheim and Andresen (1989) divided the Kvalkjeften Group into the lower
mainly metapsammitic Geitdalen formation, and the upper mainly metapelitic
Brattfjell formation. A depositional contact is suggested with the underlying
mylonitic tonalite gneiss, however, strong deformation has obscured this re-
lationship. A set of mafic dikes has intruded the upper parts of the Brattfjell
formation.
Below the Skipsfjord Nappe, at Svartbergan (Fig. 1.5), recent mapping has
unraveled a ca. 1km thick sequence of quartz-feldspathic metasandstones and
siltstones, resembling rocks of the Vanna Group, although previously mapped
as mylonitized basement gneisses. The strata are tilted to subvertical position,
multiply folded, and truncated by the overlying Skipsfjord Nappe stack (Karlsen,
2019; Rønningen, 2019). The contact with basement gneisses below is marked
by a moderate/steep oblique-slip shear zone at a high angle to the fold-thrust
zones. In the north, the Skipsfjord Nappe is down-thrown> 3 km along the post-
Caledonian brittle Vannareid-Burøysund normal fault (Opheim & Andresen
1989; Olesen et al. 1997),which hosts extensive Cu-Zn bearing quartz-carbonate
veins (cf. paper III).
The Skipsfjord Nappe was originally suggested to be an allochtonous Caledo-
nian thrust nappe correlated with the Kalak Nappe in Finnmark (Opheim and
Andresen, 1989). Rice (1990) contradicted this interpretation and suggested
that the rocks were a para-autochtonous basement-cover sequence. However,
the Caledonian age of the Vanna Group deposition suggested by the similarities
with the Cambro-Silurian Dividalen Group (Pettersen, 1887) andwith Lyngsfjell
Group (Landmark, 1973) was not disputed until Bergh et al., 2007 dated the
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diorite sill in the metapelitic Bukkheia formation to be 2221 +- 3 Ma, thereby
constraining a Palaeoproterozoic minimum age to the deposition of the Vanna
Group. Further, Bergh (2007) showed that the provenance of the sediments
were locally derived from Archaean tonalite gneisses of Ringvassøya, Kvaløya
and Senja.
In this thesis, we suggest that complex fold-thrust belt structures of presumed
late-Svecofennian age characterize the deformation of the basement tonalites
and the Palaeoproterozoic metasedimentary and intrusive rocks. This further
implies that the structures formed in the foreland/frontal part of a trans-
pressional deformation system adjacent to a continental accretionary orogen
(Paulsen et al., 2019). In this setting, Palaeoproterozoic sedimentary basins
controlled the location, extent and character of late-Svecofennian basement-
seated folds, thrusts and orogen-parallel/oblique shear zones. However, the
age of this deformation is still unresolved. This will be discussed further in
Paper I in this thesis.
1.2 Aims of the project
The aim of this thesis is to investigate the controls on mineralization in the
Archaean/Palaeoproterozoic basement rocks on Vanna island, northern Norway
using a combination of structural and lithological field mapping and a suite
of geochemical techniques. Although ore-mineralization on Vanna has been
known since the 1860’s (Bratrein, 1989), few analytical studies have been
carried out prior to the work in this PhD thesis. A further aim is to understand
the formation of local structures, and their role as fluid pathways for ore-
bearing fluids. In addition, an attempt is made to place the local structures
in a larger tectonic setting. This work also sets out to understand the ore-





The aims of this thesis are approached using a combination of field work
together with an extensive suite of analytical techniques. The methods compli-
ment each other well as they each resolve a part of the complex interplay of
structures that control the hydrothermal fluid flow used as pathways, and to
understand the physiochemical properties of the fluids that further control the
mineralization and alteration assemblage.
2.1 Field mapping and structural analysis
Approximately ten weeks over four field seasons were spent mapping selected
areas of Vanna island. Field studies forms the basis for all three papers pre-
sented in this thesis. Paper I comprises a structural field study that focussed
on mapping of the metasedimentary cover sequences (Vanna Group) and their
relation to the basement seated structures in Vanna. The key outcrops were
the metasedimentary cover sequences, as they have recorded these structural
fabrics very well. Mapping carried out in paper I also forms the structural
framework for the more detailed field investigation of the structural controls
on mineralization discussed in papers II and III. Field work for papers II and
III also included selected sampling of mineralization, altered host rocks and
their unaltered equivalents. For paper III, field work was combined with inves-
tigations of c. 800 m of existing diamond drill-core bored by Store Norske Gull
in 2008 (Ojala et al., 2013). The drill-core provided unique 3D understanding
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of the Vannareid-Burøysund fault, and its relationship to mineralization and
hydrothermal alteration.
2.2 Analythical methods
A suite of different analytical methods were selected based on their usefulness
to understand various properties involved in the deposition of ore-minerals in
paper II and III, in particular to understand the metal-transport capabilities
and deposition mechanisms of the ore-bearing fluid.
Scanning electron microscopy (SEM) including energy-dispersive X-ray spec-
troscopy (EDS), electron backscattered diffraction (EBSD), and cathodolumi-
nescence (CL), was used to determine mineral chemistry, mineral parageneses,
mineralogical changes, e.g. zonation in hydrothermal quartz, and textural re-
lationships. The thin sections were coated with a thin carbon layer to avoid
charging effects. All the analyses were carried out using a Zeiss Merlin VP
Compact field emission SEM equipped with an X-max80 EDS detector and
a Nordlys EBSD detector, both provided by Oxford Instruments, as well as a
Zeiss valuable pressure secondary electron (VPSE) detector for CL imaging.
The VPSE detector produces an image close to panchromatic CL under high
vacuum conditions (Giffin et al., 2010). EDS chemical analysis of chlorite in
fault rocks was used to estimate formation temperatures based on tetrahedral
site occupancy (Cathelineau, 1988), which is accurate to within 30°C.
Fluid inclusions are microscopic bubbles of hydrothermal fluid trapped within
a crystal, and are widely used to provide insight into the chemical and physical
(pressure and temperature) properties of ore-forming fluids (Roedder, 1984;
Wilkinson, 2001). Fluid inclusion studies were selected because it is one of the
few methods that allows for semi-direct analysis of the fluids that deposited the
various minerals, including ore-minerals. Fluid inclusion data were obtained
from double polished wafers (100-250 µm thick) of hydrothermal gangue and
ore minerals. Petrographic observations classified the fluid inclusions as pri-
mary, pseudosecondary or secondary based on their internal relationships with
each other and their spatial distribution. Microthermometric measurements
during the heating and freezing cycle allowed us to determine salinity, mini-
mum fluid temperatures, and indicate the chemical composition of the fluid. All
measurements were recorded using an Olympus BX 2 microscope coupled with
a Linkam THMS 600 heating and cooling stage operating between -180 and
+600°C at UiT-The Arctic University of Norway. For the equations used to cal-
culate salinity and isochores see paper II and III. Despite the wide acceptance
of usefulness of this method, there are several potential complications that can
occur and lead to misinterpretations of the measurements. Fluid inclusions
